A wax-impregnated carbon paste electrode with mercury oxalate as the bulk modifier is found to be suitable for the determination of heavy metal ions by differential pulse anodic stripping voltammetry. The contents of binder and modifier have been optimized, until they showed low background current and easy renewability. The bulk-modified electrode is applied for the simultaneous determination of Zn, Cd, Pb and Cu in medicinal plants and Ayurvedic tablets (Liv 52). The results obtained have been validated with HMDE and AAS and are found to be comparable.
Introduction
Anodic stripping voltammetry (ASV) is used most conveniently for the trace analysis of metals that are capable of forming amalgams after electro-reduction. [1] [2] [3] Differential pulse voltammetric methods have an advantage over linear scan stripping in that they discriminate effectively against charging current. [4] [5] [6] Even though some other analytical methods, such as atomic absorption, inductive coupled plasma, X-ray fluorescence spectrometry and neutron activation analysis, 7 have also been used for the trace analysis of metal ions, they involve high cost and maintenance and complicated procedures for analysis. Because of mercury's high toxicity, stability and volatility, use of metallic mercury to detect toxic heavy metal ions is a debatable issue. Mercury thin film electrodes are used due to their improved sensitivity; such films minimize the use of mercury compounds. [8] [9] [10] [11] [12] [13] [14] However, they suffer from film stability, affecting the reproducibility of the results, 15 and are not yet satisfactory. 13, 14 Thin films are electrochemically deposited onto the surface of the electrode or, either Hg + or Hg 2+ can also be added to the solution and mercury film can be deposited simultaneously with the metals to be determined. 8 Hence a solution containing mercury ions is used as a source of mercury.
The mercury film formation in solution can be replaced by Hg(II) diethyldithiocarbamate bulk-modified, 16 composite electrodes containing HgO as a built-in mercury processor. 17 Polymeric carbon composite electrodes with HgCl2, HgO and Hg2Cl2 in cyclohexanone containing a polymeric binder dispensed on the surface of the electrode 18 have been reported.
CPE bulk-modified with mercury oxalate has been reported to be a suitable electrode 19 for the detection of trace metal ions with lowered detection limits. CPE electrodes suffer substantially from the presence of oxygen entrapped in the paste brought in by carbon particles and are found to suffer from background currents 20 and hence decreased sensitivity. The methods proposed to decrease background current are based on removing adsorbed electro-active species, mainly oxygen. Therefore, prior to preparing the paste, carbon powder is pretreated by heating at a high temperature, with subsequent impregnation of the pores by ceresin wax. 21 The rapid diffusion of heavy metals as environmental contaminations has called for attention to their determination at trace and ultra trace levels. 22, 23 Such elements tend to concentrate in soil, biological and industrial samples. The determination of toxic trace metals is an important problem in environmental research, marine and aquatic chemistry, clinical and food chemistry.
The micronutrient Zn participates in biosynthesis of numerous proteins and activates hundreds of enzymes. 24 Excess Zn may result in chronic metabolic disturbances and retardation of growth. 25 If present in high concentration in the soil and or plant, it will interfere with the normal Fe metabolism in the plants, resulting in typical iron deficiency symptoms. 26 An excess of copper will induce chlorosis and Fe deficiency. 26 Cd is nephrotoxic and can cause renal dysfunction with proteinuria. 27 Normal levels of Cd in blood are below 5 μg L -1 . 28 Many studies both in human and animals have shown Cd to be potentially carcinogenic to human prostates. 29, 30 Lead concentration in blood provokes kidney and liver diseases and neurological damage in children in particular. 31 A recent study 32 conducted in Taiwan reported that the source of Pb contamination is not through drinking water nor through the food chain nor through exhaust gases from heavy traffic (on account of the use of unleaded gasoline) but through herbal medicine. Therefore the study concludes that special attention needs to be given to the possible lead content in certain special items such as herb medicine and nourishing diet items which are becoming popular.
Plants that are used in herbal medicines also get contaminated with these metal ions. Herbal medicines have been extensively used in India both in rural and in urban parts. They are becoming more popular even in western countries. Plant extracts have been used to prepare Ayurvedic and Sidha medicines. It has been estimated that as many as 75 -90% of the world's rural people are dependent on herbal medicine for their primary health care. 33 In rural India, the extracts of these plants are also used as such for the treatment of liver disorders and jaundice. With high awareness of the toxic effects of heavy metal ions on human, animal, plant and aquatic life, detection of these metal ions has become a global problem.
Our present study is aimed at avoiding metallic mercury. We report investigations on the electrochemical behavior of waximpregnated carbon paste electrode (WICPE) modified with mercury oxalate for the simultaneous determination of trace metal ions in medicinal plants. We have successfully applied such a technique for the determination of these metal ions in Ayurvedic tablets in which the extract of some of these plants are used. The plants chosen and their medicinal uses [33] [34] [35] [36] for the treatment of different diseases are: i) Phyllanthus niruri: jaundice, urinary disorders and chronic dysentery; ii) Eclipta alba: jaundice, bronchial asthma, anemia and disease of liver and spleen; iii) Becopa monnieri: anemia, epilepsy, leprosy, etc.; iv) Boerahavia: jaundice, diuretic, asthma and dropsy associated with chronic Brights disease; v) The tablet Liv 52 has been shown to improve the functional efficiency of the liver and regulates levels of enzymes and optimizes assimilation. It is found to be very effective in hepatitis A 37 and acute viral hepatitis. 38 It neutralizes all kind of toxins and poisons from food, water, air and medications.
We have validated this method through comparison with HMDE and AAS.
Experimental

Apparatus
Measurements were done using the Eco Chemie-make potetiostat/galvanostat AUTOLAB-100 and the analysis was made using GPES software. All the experiments were carried out at the Analytical Chemistry Division of Bhabha Atomic Research Centre, Trombay, Mumbai, India. Anodic stripping measurements were performed using a conventional onecompartment three-electrode system. Wax-impregnated carbon paste bulk-modified with mercuric oxalate was used as working electrode, a saturated calomel electrode was used as reference and a platinum rod was used as the auxiliary electrode. For studies using HMDE, a Metrohm-make VA stand 663 electrode assembly was used. Stirring was done using a teflon-coated bar in a magnetic stirrer at approximately 200 rpm.
Chemicals and reagents
The sodium acetate, mercuric nitrate, oxalic acid and potassium chloride used were of analytical grade from E-Merck. The graphite powder used was spectroscopic grade. All acids used were of E-Merck suprapure grade. Required standard solutions of Cu, Pb, Cd and Zn were prepared by appropriate dilution of stock solution with nano pure deionized water. To transfer all the standard solutions to the electrolyte, micropipettes with disposable tips were used. All pieces of glassware used were washed with 1:1 HNO3 acid and rinsed with doubly distilled deionized water.
The supporting electrolyte was 0.1 M sodium acetate solution.
Preparation of mercuric oxalate
One equivalent of a solution of mercuric nitrate was mixed with an equivalent of oxalic acid solution. The precipitate that formed was filtered, washed several times with doubly distilled deionized water and dried in an oven at 343 K for 1 h. The purity of the sample was confirmed by XRF data, which showed peaks corresponding to Hg only.
Preparation of the working electrode
Wax-impregnated carbon powder was prepared by taking 9.5 g of spectroscopic grade carbon powder in a quartz tube, which was placed in a tube furnace. It was then heated to a high temperature to remove adsorbed oxygen. 21 This powder was added to an appropriate quantity of ceresin wax dissolved in warm n-hexane; 39 the mixture was placed in a water bath, stirred and heated till the n-hexane evaporated. For the preparation of the modified electrode, the modifier (mercuric oxalate) ranging from 6% to 18.37% (mass of the modifier to the total mass of the carbon paste) was prepared by weighing out an appropriate quantity of the modifier into an agate and grinding it thoroughly to get a fine powder. This was then mixed with waximpregnated carbon powder and ground. The required quantity of silicone oil was added as the binder (44% of the mass of modifier and carbon powder) and ground well to get homogeneous paste. The electrode consisted of a Teflon well, which was mounted at the end of a Teflon tube. The homogenized paste was filled into the Teflon well. A copper wire fixed to a graphite rod and inserted into the Teflon tube served to establish electrical contact with the external circuit.
Sampling
The plant samples were taken from the outskirts of Bangalore city of Karnataka state in India. About 1 kg of leaf samples from each of the medicinal plants were taken into precleaned polyethylene bags. The material was then washed using 1:10 HCl and rinsed with distilled and deionized water and sealed. The leaves were dried for 24 h at 333 K. The samples were then ground and homogenized in the lab using a precleaned mortar and pestle. 40 The ground samples were then packed into precleaned plastic bags and stored.
Sample treatment
An aliquot of 1 g of finely powdered leaf sample was subjected to acid digestion. Similarly, Ayurvedic tablets (Liv 52) were first cleaned in order to remove the outer coating, then dried and powdered using a mortar and pestle. One gram of this powder was weighed out into a clean conical flask and subjected to acid digestion.
Procedure
A modified electrode was placed in the stirred deaerated 0.1 M HCl solution at a deposition potential of -0.9 V for 180 s for the formation of metallic mercury on the surface, thereby making the electrode active. The electrode was then washed gently with distilled water and put into a deaerated 0.1 M KCl solution containing different metal ions to be analyzed. The deposition was carried out at -0.9 V (SCE) for cadmium for 120 s in stirred solution. After 15 s quiescent period, the potential scan was started in differential pulse mode from -0.9 to 0 V (SCE). For the simultaneous determination of Pb, Cu, Zn and 872 ANALYTICAL SCIENCES JUNE 2006, VOL. 22
Cd, an initial potential of -1.30 V to an end potential of +0.1 V was used. This deposition potential and the range of potential scan may vary on the condition and the metal ions to be analyzed. For the determination of heavy metal ions in medicinal plants, Na acetate buffer was used, keeping all other stripping parameters almost the same as above. The deposition time for the reduction of Hg(II) to Hg(0) was optimized to 180 s in 0.1 M HCl acid solution. The deposited Hg was removed mechanically by removing some paste and polishing the material on a piece of transparent paper; a fresh surface was exposed each time before conducting a new experiment. Linear scan voltammetric (LSV) studies using the modified electrode were carried out to see its electrochemical behavior in the blank supporting electrolyte solution i.e. only in sodium acetate buffer. The potential was scanned from -1.30 V to +0.1 V and a stable base line was obtained. Therefore, the modified electrode in the current study could be used for the determination of Pb, Cu, Cd and Zn successfully where the potential window was between -1.30 V to +0.1 V.
Results and Discussion
Mercuric oxalate modifier was exposed to the solution interface, on electroreduction forms mercury droplets, which act as the active surfaces of the present analysis. The characteristic properties of the electrode are dependent on the carbon-powderto-binder ratio and also on the amount of surface mercury. The lower percentage of binder affected the peak heights as well as the mechanical stability. The binder composition was optimized to 42% of the total weight. The weight % of the modifier was also optimized. The content of mercuric oxalate in the modifier was varied from 6.0 to 18.37 weight %. The resolutions of adjacent peaks were poor at lower percentages of the modifier. Mercuric oxalate of 18.37 weight % was found to be suitable for our study and this amount was kept constant throughout the experiments.
It is observed that waximpregnated carbon paste electrode gave low background current and well-defined peaks. However, there was a shift in the peak potentials. For a mercury thin film electrode, 41 this appearance of peak potentials has been shown to vary with factors such as thickness of film, rate of diffusion of oxidized species, thickness of surface diffusion layer and scan rate. As reported elsewhere, complexation 42 also may produce a negative shift in the diagnostic parameter Ep.
EIS and SEM analysis
The electrochemical impedance results suggest that charge transfer resistance values reduced with the increase in the modifier concentration of up to 18.37% (from 2.3 × 10 6 Ω for 6% to 3.5 × 10 5 Ω for 18.37%). Above this concentration, no significant increase in charge transfer resistance has been observed. Smoothening of the electrochemically active surface has also been seen from the surface roughness parameter, which increases from 0.8 to 0.95 (close to unity) upon increase in the modifier concentrations. SEM analysis revealed a random distribution of the deposited mercury in the form of droplets, which is evident from the conducting and nonconducting regions on the surface. 17 The particle size of mercury oxalate was found to be 2 to 3 μm on an average and that of mercury droplets was found to be 0.8 μm.
Stability of the electrode
The bulk-modified carbon paste was found to be stable. Once the paste was prepared, it was left overnight for selfhomogenization. The self-homogenized paste was found to be stable with improved reproducibility. The measurements that were carried out even after 38 days showed the stability of the paste and the excellent reproducibility.
LSV
The value of peak potential obtained by us for mercury oxidation is in agreement with what has been reported. 43 The background currents happened to be very small within the current range employed for the study. There was a shift in hydrogen evolution potential towards the more negative direction at the modified electrode after activating it in 0.1 M HCl.
Interference effect
In trace analysis experiments, organic complexants provide one of the serious interference factors, as most of the organic compounds have the reducible or oxidizable moieties, which are electrochemically active at the mercury electrode and form the bonding of metal-ligand complexes. For this purpose, leaf samples were digested thoroughly by acid digestion to suppress the organic matrices and to separate the free metal ions. The presence of oxygen may interfere with such a system. So the solutions were purged with nitrogen gas and the solution was blanketed with a stream of nitrogen gas.
Effect of pH
At higher pH, the peak height fell and the peak current for Cu reduced drastically. However with Cu and Pb, increasing the acidity enhances the ASV peak size and peaks tend to be sharper, which leads to a greater sensitivity for the determination of Cu and Pb. It has been postulated that Cu forms a series of compounds 44 of general formula Cun(OH)2n-2(H2O)4, where n increases with pH and that there are seven different hydroxyl species in the lead system. 45 At pH values lower than 3.8, the peak current of Zn decreased drastically and broadening of peaks took place at pH values higher than 4.5. Therefore, the pH was optimized at 3.8 for the study. The effect of pH on stripping currents of heavy metal ions has been shown in Fig. 1 keeping the deposition time at 120 s and deposition potential at -1.30 V.
Effect of deposition time
The influence of accumulation time on the peak current was studied in the range 60 -200 s as depicted in Fig. 2 at pH 3.8 and at a deposition potential of -1.30 V.
At higher accumulation time, decreases in peak current of Zn and Cu were 873 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 observed in the concentration range taken for the present analysis. This may be due to the formation of inter-metallic compounds of these metals. A deposition time lower than 100 s affected Cd determinations. A shorter deposition time affected Cd and Cu determinations to a relatively greater extent as compared to Pb and Zn. Therefore, the accumulation time was optimized at 120 s.
Effect of deposition potential
The variation of deposition potentials on the stripping currents of various metal ions was studied. Potentials more negative than -1.40 V cause hydrogen evolution, which affected the peak currents. The mercury droplets were distorted by the evolved hydrogen, which leads to increased base currents, which in turn has direct consequences on the reproducibility. The potentials more positive than -1.30 V affected the stripping peak of Zn.
Therefore, an optimum potential of -1.30 V was selected as a suitable accumulation potential for the study, as this allows the relevant elements to be deposited.
Typical differential pulse anodic stripping voltammograms of Zn, Cd, Pb and Cu present in Phyllanthus niruri at modified WICPE electrode are depicted in Fig. 3 .
All the elements in unknown samples were determined by standard addition methods. A peak current corresponding to each different concentration of the analytes was measured and the plot of peak current vs. concentration of the standard was obtained. The data points of all the samples were fitted well with the straight line fitting, with the correlation coefficient of ∼0.999 in almost all the cases. As a representative case, the standard addition plot of Cd in Phyllanthus niruri sample is shown in Fig. 4 be re-oxidized electrochemically also and hence there is no difficulty in handling reduced mercury. Since the salt is taken in the carbon matrix, there is no need to take mercury in solution. The mercury film (more precisely, the assemblage of small mercury droplets) is very sensitive and the slightest mechanical disturbance leads to coalescence of the remaining droplets. Since the metallic mercury is sorbed within the waximpregnated paste there was not much problem with the mechanical stability.
The results and observations have revealed that bulk modified WICPE is also a possible alternative to HMDE. This portable, easily renewable and relatively inexpensive method with a minimum use of mercuric oxalate and a possibility of re-oxidizing reduced mercury has the potential to become a useful tool for trace analysis. Further work in this area is in progress in our laboratory to explore the possibilities of applying this technique to soil and water samples.
